Introduction
Mutations in the tumor suppressor genes BRCA1 (breast cancer susceptibility gene 1) and BRCA2 (breast cancer susceptibility gene 2) predispose to different types of cancer. The association of BRCA1 and BRCA2 genes with breast and ovarian cancer susceptibility was first demonstrated over 20 years ago [1] , [2] . Since then specific germline mutations in BRCA1 and BRCA2 genes were linked to increased risk of several additional types of human malignancies including prostate, colorectal, stomach and pancreatic cancers [3] - [5] . Mutations in BRCA1 and BRCA2 genes are associated with about 20% of familial breast and ovarian cancers [4] , [6] . In contrast to the gynecological tumors, the reported contribution of BRCA1 and BRCA2 mutations to the hereditary of pancreatic, stomach and prostate cancer is marginal [3] - [5] .
Both BRCA1 and BRCA2 proteins play a crucial role in the maintenance of genomic integrity through the process of precise DNA repair by homologous recombination [7] , [8] . Loss of BRCA functions results in the genomic instability that eventually results in the oncogenic transformation of non-tumorigenic cells into tumor initiating cells, or cancer stem cells (CSCs) and further tumor evolution. During the last decade, a number of studies demonstrated that cancer cells within the same tumor substantially differ by degree of their tumor initiating ability. A CSC population possesses a long-term self-renewal capacity, as well as a potential to differentiate into other tumor cell types and initiate tumor growth. Given an extensive self-renewal and clonogenic potential of CSCs coupled to a high level of genomic instability attributed to tumor cells, CSCs might play a role as an engine of cancer evolution [9] , [10] . Accordingly, intratumoral heterogeneity depends on the evolution
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of CSCs that is reflected in the number of emerging tumor clones. Until recently, the role of DNA repair mechanisms and, in particular, BRCA proteins in regulation of CSC populations was not clear. Over the last years several seminal studies highlighted the role of BRCA proteins in the maintenance and evolution of the CSC populations. This review focuses on the cellular mechanisms deregulated in BRCA mutated cancers which appear to be important for CSC development, maintenance and therapy resistance.
BRCA genes, BRCA proteins and their clinical relevance
Tumor suppressor genes BRCA1 and BRCA2 were first linked to the breast and ovarian cancer susceptibility by Mick and colleagues in 1994 (BRCA1) [1] and by Wooster et al. in 1995 (BRCA2) [2] . Since then the number of studies demonstrated a role of BRCA genes in the different cellular processes regulating tumor development has grown dramatically. BRCA1 (17q21, chromosome 17: base pairs 43,044,294 to 43, 125, 482 ) is a 1,863 amino acids protein composed of 24 exons. It consists of several domains that are essential for its multiple functions. At the N-terminal region it carries zinc-binding finger domain RING (Really Interesting New Gene) which is essential for interaction of BRCA1 and BARD1 (BRCA1 Associated RING Domain protein 1) and formation of E3 ubiquitin ligase complex [11] . At the C terminus two phosphopeptide-binding BRCT (BRCA1 C-terminal) domains [12] are mediating interaction of BRCA1 with key partner proteins such as CtIP (C-terminal binding protein 1 (CtBP1) interacting protein), BRCA1 A Complex Subunit (ABRAXAS), and BRCA1 interacting protein C-terminal helicase 1 (BRIP1/ FACJ) [13] . The central part of BRCA1 is encoded by exons 11-13 and the mutations in these regions are frequently detected in breast cancer patients. These parts consist of two nuclear localization signals (NLS) and one coiled coil domain which is important for interaction with BRCA2 through partner and localizer of BRCA2 (PALB2) [14] , [15] (Figure 1 ).
More than 1600 mutations were identified in BRCA1 gene including deletions, insertions, and many single nucleotide polymorphisms in the coding or noncoding sequences [16] . Some of them occur with high frequency in isolated groups and are called founder mutations. The most frequently identified BRCA1 mutations are located in the gene regions corresponding to the BRCT and RING domains as well as in the exons 11-13 encoding NLS essential for BRCA1 functions and binding sites for different BRCA1-interacting proteins including c-Myc, Rad50, pRb, Rad51, BRCA2 and PALB2 [17] . A founder mutation 185delAG in the region of RING and BRCT domains was found among Ashkenazi Jews [18] , and 5382insC frameshift mutation arose in either Scandinavia or northern Russia [19] . A number of mutations in exon 11-13 of BRCA1 gene were associated with breast and ovarian cancer [20] , [21] . The majority of the lesions in BRCA1 gene are frameshift insertions/ deletions, nonsynonymous truncations, and disruptions of splice site resulting in missense mutations or expression of non-functional proteins [22] , [23] . In general, mutations in BRCA1 gene predispose to the different cancer types, such as breast and ovarian cancer in women, male breast cancer and prostate cancer. In addition, BRCA1 mutation carriers may be at high risk for the development of other types of cancer including colon, rectal, pancreatic cancer [24] as well as stomach cancer [25] .
BRCA2 (13q12.3, chromosome 13: base pairs 32,315,479 to 32,399,671) is a large 3418 amino acids protein. It contains 27 exons and covers approximately 84.2 kb of genomic DNA. At the N-terminus BRCA2 contains a transcriptional activation domain (TAD). The middle part is encoded by exon 11 and contains eight conserved motifs termed BRC repeats that bind to RAD51 [26] . A DNA-binding domain is located in the carboxyl terminus of the BRCA2 protein and assembled of a conserved helical domain, three oligonucleotide binding (OB) folds and a tower domain (T), which facilitates BRCA2 binding to double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) [27] . The C terminus of BRCA2 contains two NLS and one TR2 domain ( Figure 1) .
As of today, more than 1800 mutations have been identified in BRCA2 [16] . These lesions mainly include frameshift insertions, deletions and nonsense mutations and result in premature truncation or non-functional protein [28] . The most frequently identified germline frameshift mutation 6174delT was found in exon 11 of BRCA2 gene in an Ashkenazi Jewish population [29] . Mutations in BRCA2 predispose not just to breast, ovarian and prostate cancer, but are also associated with malignant cutaneous and ocular melanoma, pancreatic, gall bladder, bile duct and stomach cancer [30] .
The relationship between the domain functions of BRCA1/2 proteins and tumor development have been intensively investigated in animal models as reviewed elsewhere [13] , [31] , [32] although the results of these studies are still awaiting to be confirmed by clinical data. About 70-80% of the mutations in BRCA genes result in protein dysfunction or absence of protein product. These mutations were confirmed as clinically relevant and are associated with an increased risk for development of hereditary malignancies [33] . Many studies have also reported an association of BRCA1/2 mutations with tumor aggressiveness and poor clinical outcomes in cancer patients. Large number of studies demonstrated the association of BRCA1/2 mutations in prostate cancer patients with an increased rate of intermediate-and high risk disease [34] - [37] . Resent study of 603 sporadic pancreatic cancer patients in China revealed an association between germline missense variant rs1799966 (c.4837A>G[p.Ser1613 Gly]) within the BRCT domain of BRCA1 gene and lower overall patients' survival rates [38] .
On the other hand, clinical studies of potential correlation between BRCA1 and BRCA2 mutations and outcome in breast cancer patients provide conflicting results. A resent prospective multihospital study for 2733 young women diagnosed with breast cancer including 388 patients with BRCA1/2 mutations showed no difference in overall survival for BRCA mutations carriers and non-carriers [39] . Moreover, analysis of the 558 patients with triple-negative breast cancer demonstrated that BRCA1/2 mutation carriers had better overall survival than non-carriers [39] . At the same time, loss of heterozygosity (LOH) at BRCA1 locus was associated with significantly shorter disease-free survival, distant metastasis-free survival, and overall survival in retrospective study of 202 Japanese patients with invasive breast cancer [40] . Another retrospective analysis of the pathogenic germline BRCA2 mutations in 458 Chinese individuals who had breast cancer showed that BRCA2 mutation status is associated with a higher rate of lymph node metastases at diagnosis and significantly worse outcomes including disease free survival and distant recurrence [41] . The clinical studies of ovarian cancer also provide conflicting data for the effect of BRCA gene mutations on patients' prognosis. A retrospective study for 53 patients with germline BRCA1 mutations showed that BRCAmutation carriers have more favorable clinical outcome than sporadic cancers [42] . Another study which analyzed 151 ovarian cancer patients with germline BRCA1/2 mutations and 119 patients with sporadic ovarian cancer demonstrated that survival of the patients with familial ovarian cancer is worse compared to the patients with sporadic cases independently of the BRCA1/2 mutation status [43] . A resent meta-analysis based on 33 clinical studies showed that BRCA1 mutations can be associated with improved overall survival in ovarian cancer patients [44] .
To further elucidate the effect of BRCA1/2 mutations on the prognosis of breast and ovarian patients, more prospective studies are warranted regarding the contribution of individual pathological mutations to the tumor progression and patients' response to therapy. Better understanding of the relationship between the pathophysiological role of BRCA mutations and tumor aggressiveness may be beneficial for a more individualized clinical management of the BRCA-related cancers. 
Biological function of BRCA1 and BRCA2
BRCA genes as caretakers of genomic stability BRCA1 and BRCA2 proteins play a crucial role in the process of DNA double strand break (DSB) repair by regulation of homologous recombination (HR) [45] . HR is a high fidelity mechanism of DNA repair with using of homologous template such as sister chromatids. Therefore, this process can be active in S and G2 phase of cell cycle when sister chromatids are available for HR. The homology-directed DNA repair process includes a few steps such as pre-synapsis, synapsis and post-synapsis [46] , [47] . In the first step the Mre11-RAD50-Nbs1 (MRN) complex and its interacting partner C-terminal binding protein interacting protein (CtIP) with nuclease activity performs resection of the DSB ends to generate a 3′ -single strand (ss) DNA tail protected from degradation by replication protein A (RPA). Next, dependent on BRCA1 and BRCA2 proteins, RAD51-ssDNA filament invades homologous duplex DNA which serves as a template. This generates a D-loop (displacement loop) structure, which is a DNA structure where the strands of a double strand (ds) DNA are separated for a stretch by a third strand of DNA. The resulted nucleoprotein-filament searches for homologous DNA sequence on the sister chromatid and invades the duplex to form a joint molecule. Finally, during post-synapsis RAD51 dissociates from dsDNA and the 3′ end of the damaged DNA is elongated by DNA polymerases and followed by DNA ligation [48] . The resulted intermediate structures of DNA recombination called Holliday junctions are further resolved by the different mechanisms as discussed elsewhere [49] resulting in an error-free repair.
In addition to its role in HR-dependent DNA repair, BRCA1 also regulates the non-homologous end-joining (NHEJ) repair pathway. NHEJ is one of the main DNA repair pathways when the broken DNA ends are directly ligated without the need for a homologous template. HR is an error-free repair with a high fidelity at the site of correction, but it needs more time to complete. In contrast, NHEJ is an error-prone DNA reparation that causes mutations at the site of damage with a high frequency. However, it is relatively fast and the most common repair mechanism for DNA DSBs [50] . Classical (C) NHEJ predominates in G0 and G1 but can operate in all phases of the cell cycle. It consists of a few steps: break recognition, end-processing and ligation. First, DSB ends are recognized by the Ku70/Ku80 heterodimer, which recruits DNA-dependent protein kinase (DNA-PK) and other NHEJ proteins such as DNA polymerase, helicase and ligase. Then DNA-PK phosphorylates and recruits endonuclease Artemis, which further processes DSB ends. End ligation is facilitated by the XRCC4 (X-ray repair crosscomplementing protein 4)/Lig4 [50] .
In contrast to C-NHEJ mechanism, alternative (A)-NHEJ depends on other factors such as MRN complex, CtIP, and poly (ADP-ribose) polymerase-1 (PARP-1) that plays a role in the DNA lesion detection and recruitment of the protein to the sites of DNA damage [51] , [52] . A-NHEJ functions as a backup repair pathway when C-NHEJ is compromised, and its mechanism is less defined than for C-NHEJ [53] .
BRCA1 is involved in both, C-NHEJ and A-NHEJ pathways. BRCA1 interaction with the C-NHEJ factor Ku80 stabilizes the Ku heterodimer at DSB sites that is required for precise end-joining repair. In contrast, a growing body of evidence suggests that BRCA1 blocks A-NHEJ through phosphorylation of BRCA1 at S988 by checkpoint kinase 2 (Chk2) [54] , [55] , but the exact mechanism of this regulation is unknown.
Studies of BRCA genes revealed their interaction with HR factors such as RAD51 [56] , [57] a central regulator of the strand exchange [58] . Recent studies demonstrated that BRCA1 promotes HR-dependent DNA repair by dephosphorylation of 53BP1 (p53-binding protein 1) [59] that consequently results in the repair pathway switch from NHEJ to HR. Interaction between BRCA1, CtIP and MRN complex has been shown to be important for activation of HR by the mechanisms involving CDK (cyclin-dependent kinase)-mediated phosphorylation of CtIP at Ser327 [60] . BRCA1 is important for BRCA2 recruitment to the sites of DNA DSBs during HR, and association between these two proteins is mediated through interaction with PALB2/FANCN (Fanconi anemia, complementation group N) protein [15] , [61] .
The role of BRCA2 in repair of DSBs has also been extensively studied. It was demonstrated that BRCA2 plays an essential role in HR by the mechanisms involving recruitment of RAD51 to the sites of DSBs [62] . The loss of BRCA2 leads to genomic instability and tumorigenesis [56] . This can be, in part, explained by the role of BRCA2 in regulation of the intracellular localization and DNA binding ability of RAD51 recombinase. After detection of DSB by the MRN complex, the consequent protein phosphorylation and ubiquitination events recruit BRCA1 and CtIP proteins to the site of DNA DSB. Together with Exo1 and DNA2-BLM (Bloom syndrome protein) exonucleases, this complex triggers DNA end resection and mobilizes BRCA2 to the sites of DNA DSBs. BRCA2 promotes HR by the displacement of RPA and recruitment of RAD51 recombinase on the sites of DNA damage. BRCA2 directly binds to RAD51 through its BRC repeats and TR2 domain and therefore facilitates the loading of RAD51 on ssDNA and a search of homologous DNA template [63] - [65] . BRCA2 may function as a complex with RAD51 paralogs such as XRCC2 and XRCC3 to facilitate an assembly of RAD51 with ssDNA [66] .
BRCA2 plays a protective role for the maintenance of genomic stability upon replication stress. It has been characterized as a regulator of the stalled DNA replication fork by loading and stabilization of polymerized RAD51 onto DNA through binding to its BRC repeats [67] . At the same time BRCA2 can prevent formation of chromosomal aberrations during replication stalling by inhibition of MRE11 nuclease [68] (Figure 2 ). BRCA2 is also recruited by 3′-repair exonuclease 2 (TREX-2) complexes for processing of R-loops, the structures formed during transcription and composed of a DNA-RNA hybrid and associated ssDNA [69] . BRCA2 can protect telomere integrity via loading of RAD51 on telomeres during S/G2 phase that is evidenced by the accumulation of telomere dysfunction-induced foci and telomere shortening in Brca2-but not Brca1-deficient mice [70] .
BRCA1 as a regulator of oxidative stress
BRCA1 also acts as protector of genome stability from oxidative stress caused by chemically reactive molecules called reactive oxygen species (ROS). Normally they are formed as a side product of the oxygen metabolism and play an important role in cell signaling and homeostasis [71] . However, under stress conditions, such as nutrient deficiency, metal toxicity, chemotherapy as well as UV-and X-ray radiation, ROS levels can increase dramatically that result in substantial damage to the cellular structures [72] . It was shown that loss of BRCA1 increases cellular ROS, and BRCA1 overexpression reduces ROS levels [73] , [74] . While the mechanisms of this regulation remain poorly understood, one study revealed that BRCA1 can protect vascular smooth muscle cells from H2O2-induced ROS production, in part, by downregulation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunits Nox1 and p47phox [75] . BRCA1 mutant mice which are also heterozygous for a p53-null mutation exhibited high levels of ROS and were more sensitive to oxidative stress-induced lethality [76] . Of note, this mouse model also displayed an increased expression of Redd1 (regulated in development and DNA damage response 1), which is an inhibitor of mTORC1 and an inducer of ROS production [77] , [78] .
BRCA1-BARD1 ubiquitin ligase activity
BRCA1 possesses an E3 ubiquitin ligase activity causing a posttranslational modification of target molecules by covalent coupling of a small (76 amino acids) ubiquitin protein [79] . Ubiquitination regulates different cellular processes including protein activity, degradation and intracellular localization [79] . Ubiquitination process depends on three main enzymatic components: ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3) [80] . E3 ligase activity of BRCA1 depends on heterodimerization with BARD1 via its N-terminal RING finger domain and formation of the BRCA1-BARD1 ligase complex [11] , [81] . Deficiency of either BRCA1 or BARD1 in this heterodimeric complex reduces its stability and prevents its ubiquitin E3 ligase activity [81] . BRCA1 is reported to catalyze ubiquitination of a plethora of proteins including cell cycle regulators Cyclin B and Cdc25C [82] , IGF-1 receptor [83] , nucleophosmin/B23 (NPM) [84] , CtIP [85] , polymerase (RNA) II (DNA directed) polypeptide H (POLR2H) [70] , transcription factor 776 IIE (TFIIE) [87] , histones H2A, H2B, H3, H4, and H2AX [81] , as well as γ-tubulin [88] , estrogen receptor α (ERα) [89] and BRCA1 itself [90] . BRCA1-dependent ubiquitination differentially regulates stability of target proteins. For example, ubiquitination of Cyclin B and Cdc25C results in their accelerated degradation [82] . In contrast, BRCA1-BARD1 mediated ubiquitination of NPM results in NPM stabilization rather than degradation [84] . Similarly, BRCA1-mediated ubiquitination of CtIP is not associated with proteasomal pathways, but with induced binding of CtIP to chromatin and foci formation after DNA damage [85] . BRCA1-dependent ubiquitination also does not destabilize another target protein, RNA Polymerase II Subunit H (POLR2H). POLR2H is polyubiquitinated by BRCA1-BARD1 complex after UV irradiation, and tumor cell lines stably expressing a mutant form of POLR2H which is resistant to polyubiquitination exhibited a high sensitivity to UV irradiation [86] . The BRCA1-dependent protein ubiquitination is also a mechanism of inhibition of mRNA synthesis. In particular, it prevents association of the transcription factors TFIIE and TFIIH, and thus blocks the initiation of transcription [87] . BRCA1-BARD1 complex ubiquitinates the nucleosome core histones H2A, H2B, H3 and H4 as well as the phosphorylated form of γH2AX that co-localizes in nuclear foci with BRCA1 at sites of DNA damage [81] . The ubiquitination of γH2AX by BRCA1-BARD1 at DNA breaks plays an important role in HRdependent DNA repair by promoting 53BP1 repositioning and accumulation of the SWI/SNFrelated matrix-associated actin-dependent regulator of chromatin (SMARCAD1) protein at the sites of DNA damage [81] [91]. BRCA1-BARD1 dependent ubiquitination of γ-tubulin might protect cells from amplification of centrosomes and aneuploidy [92] . Of importance, BRCA1-BARD1 ubiquitinates ERα, and its abrogation results in ERα accumulation [89] , [93] .
The cancer-related BRCA1 mutations have been shown to abrogate ERα ubiquitination that can partially explain tissue specificity of BRCA-dependent tumor development [89] . Moreover, BRCA1-BARD1 can be self-ubiquitinated that plays a role in DNA repair by increasing BRCA1 binding to DNA [90] [94] . The large number of BRCA1 mutations occur in N-terminal RING domain [17] [95], which is responsible for the E3 ubiquitin ligase activity of BRCA1 [11] . A growing body of evidence suggests that mutations in the BRCA1 RING domain, which inactivate BRCA1 ubiquitin protein ligase activity, may predispose to cancer development [95] [89] [96] . Study of Nelson and Holt showed that BRCA1 protein with mutation in the RING domain fails to co-localize with BRCA1-interacting proteins BARD1 and BACH1, which are essential for DNA repair [96] . Another study by Hashizume et al. showed that BRCA1-BARD1 heterodimeric complex can be inactivated by RING finger mutation which results in the loss of ubiquitin ligase activity [11] . Taken together, the high rate of cancer-related mutations in specific domains of BRCA1 such as RING might explain the critical role of these domains for BRCA1 tumor suppressor activity.
BRCA-dependent transcriptional regulation
Both BRCA1 and BRCA2 proteins have been shown to be involved in transcriptional regulation [97] , [98] . First studies that revealed a potential role of BRCA1 in transcriptional regulation employed a DNA plasmid construct encoding a BRCA1 C-terminal fragment (aa 1528-1863) fused to the yeast GAL4 (galactose-responsive transcription factor) DNAbinding domain (GAL4-BRCA1). This recombinant protein activated gene transcription in both mammalian and yeast cells [99] . Of importance, BRCA1 mutations found in breast and ovarian patients markedly decreased this transcriptional activity [99] .
Since this seminal study, further investigations demonstrated that although BRCA1 protein can directly bind to DNA via its DNA binding domain it is not a sequence-specific transcriptional factor, but rather a co-regulator of a broad range of other transcriptional factors [100] . BRCA1 modulates activity of different transcription regulators including OCT-1, c-Myc, ERα, p53, Smad3 and others which were reviewed previously [101] . For example, BRCA1 interaction with ERα regulates transcription of VEGF (vascular endothelial growth factor) in breast cancer [102] . BRCA1 C-terminal region has been shown to stimulate transcription of the p53 target gene MDM2 (Mouse double minute 2 homolog) in breast cancer cells [100] . BRCA1 has been shown to synergize with Smad3 in induction of Smad3-specific promoter [103] . Some other studies have also shown the role of BRCA2 in transcriptional regulation, for example, by forming a complex with p53 and Smad3 [104] , [105] .
Regulation of cell cycle progression
Early studies discovered that BRCA1 becomes hyperphosphorylated during the late G 1 and S phases of the cell cycle and is transiently dephosphorylated shortly after M phase that suggests its involvement in the regulation of cell cycle progression [106] . When introduced into mammalian or yeast cells, BRCA1 suppresses cell division [107] , [108] . In response to DNA damage, BRCA1 is phosphorylated by several DNA-damage response kinases such as ATM, ATR and Chk1 at the DNA damage checkpoints enabling cell to repair DNA prior to mitotic entry and to survive after DNA damage [109] - [112] . BRCA1 inhibits G1/S cell cycle transition by induction of p21WAF1/CIP1, which is a cyclin-dependent kinase inhibitor [107] . In addition to the p21-mediated mechanism, BRCA1-induced G1 arrest depends on the presence of Rb protein. BRCA1 binds to the hypophosphorylated form of pRb and induces its dephosphorylation through cyclin dependent kinase 2 (CDK2) inhibition which results in the accumulation of cells in G1 or G2 phase of the cell cycle [113] , [114] . According to the current view, BRCA1 induced G1/S arrest may occur through a number of distinct pathways that mainly involve ATM, ATR, BARD1, RB, p53, p21 and their downstream effectors [115] . Furthermore, BRCA1 loss results in defective S-, G2/M-and spindle checkpoints. Together with abnormal centrosome duplication and defective DNA damage repair, this leads to genetic instability in BRCA1 deficient cells [115] . BRCA1 has been characterized as an activator of G2/M checkpoint in response to anti-microtubule agents such as Taxol and Vincristine [97] . It has been demonstrated that BRCA1 regulates G2/M checkpoint by activation of the checkpoint kinase 1 (Chk1) in response to the DNA lesions [116] . Furthermore, BRCA1 interacts with mediator of DNA damage checkpoint protein 1 (MDC1). MDC1 acts together with γH2AX to recruit DNA repair proteins such as 53BP1, BRCA1 and MRN to the sites of DNA breaks and to induce cell arrest in S and G2/M phase of the cell cycle [117] . BRCA1 also plays a role in the induction of a spindle checkpoint which occurs during the cell division and prevents the aberrant separation of the sister chromatids. The cell cycle arrest during the mitotic phase depends on the presence of Mad2 protein which expression is regulated by BRCA1 [118] . A growing body of evidence suggests that BRCA2 protein may also contribute to the regulation of the cell cycle progression. Marmorstein et al. has demonstrated that histone H3 phosphorylation at Ser28 and Ser10, which plays a role in mitotic chromosome condensation, is conterminous with BRAF35/BRCA2 complexes on mitotic chromosomes. By using the microinjection of anti-BRAF35 or anti-BRCA2 antibodies in HeLa cell nuclei, this study demonstrated that BRCA2/BRAF35 complex is important for cell cycle progression since antibody microinjection delayed cell entry into mitosis [119] , [120] . The recent studies demonstrated that BRCA2-deficient cells have a high sensitivity to the anti-cancer DNA binding drug S23906, which is attributed not only to the lack of HR dependent DNA repair but also to the defective S-phase checkpoint. [121] .
The role of BRCA proteins in autophagy
Both BRCA1 and BRCA2 proteins were shown to play an essential role in the process of mitophagy, which is a specialized autophagy pathway that occurs to defective mitochondria and is important for mitochondrial quality control. Knockdown of BRCA1 and BRCA2 inhibited the clearance of mitochondria by mitophagy after treatment with oligomycin and antimycin A (two specific inhibitors of mitochondrial respiration) or with PARP inhibitor AZD2281 [122] - [124] . Tang et al. showed that small interfering (si) RNA-mediated knockdown of BRCA1 led to induction of pro-survival autophagy response under endoplasmic reticulum (ER) stress and serum starvation. They also demonstrated that inhibition of autophagy in BRCA1 deficient cells resulted in their sensitization to chemotherapeutic drugs [125] . Notably, induction of the protective autophagy depends on the BRCA1 functional activity. In contrast to ovarian cells without BRCA1 mutations, cells carrying BRCA1 mutations were able to induce pro-survival autophagy in response to chemotherapeutic agents [125] . This study suggested a role of BRCA1 as a differential regulator of chemotherapyinduced tumor cell death depending on its mutational status.
BRCA-mediated chromatin remodeling and epigenetic regulation of gene expression
BRCA1 plays a role in the epigenetic regulation of gene expression by chromatin remodeling. BRCA1 and its ubiquitin E3 ligase activity are required for the maintenance of gene silencing in the constitutive heterochromatin structure via ubiquitination of histone H2A. Modulation of the BRCA1 levels or its functions through BRCA1 knockout or expression of a pathogenic BRCA1 mutant with a lack of ubiquitin ligase activity (T37R) as well as expression of shRNA against BARD1 resulted in the transcriptional activation at tandemly repeated DNA regions [126] , [127] . BRCA1 can directly bind to the BRG1 subunit of the SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complex. Notably, the p53-mediated BRCA1-dependent gene transcription can be completely abrogated in the presence of the dominant negative BRG1 mutant. This study suggested that BRCA1-containing chromatin remodeling complexes can play a role in breast and ovarian carcinogenesis [128] . Ye et al. identified and characterized a novel cofactor of BRCA1 (COBRA1) and demonstrated its direct interaction with endogenous BRCA1. This study showed that COBRA1 can stimulate chromatin decondensation and is recruited to the chromosome site by specific subdomains in the BRCT1 domain of BRCA1 protein.
Notably, this finding suggests that only 50-aa of the COOH-terminal part of BRCT1 domain is sufficient for inducing a large-scale chromatin unfolding [129] .
A number of studies demonstrated a role of BRCA1 in the epigenetic regulation of oncogenic microRNAs (miR) [130] . Expression of miR-155 can be suppressed by the BRCA1-HDAC2 (Histone diacetylase 2) complex that is recruited to its promoter and keeps H2A and H3 histones deacetylated. Loss of BRCA1 or treatment with HDAC inhibitors results in the disruption of the BRCA1-HDAC2 complex and activation of miR-155 expression. This mechanism of BRCA1-dependent negative control of the oncogenic microRNA (oncomiR) expression by decreasing the acetylation of H2A and H3 may contribute to the BRCA1-mediated suppression of tumor growth [131] . Another study reported that miR-151-5p, which targets chromatin regulator SMARCA5, was upregulated in BRCA-related and sporadic breast cancers with high expression of PARP [132] . This study suggests that BRCA1-mediated upregulation of miR-151-5p could be a potential mechanism druggable by PARP inhibitors in cancer patients carrying germline BRCA1 mutations. A link between genetic lesions in the BRCA1 gene and epigenetic mechanisms of breast cancer development was also demonstrated by Li and coauthors who found that BRCA1 mutations are associated with an epigenetic silencing of phosphatidylethanolamine N-methyltransferase (PEMT) gene, which is important for the synthesis of choline, a nutrient associated with breast cancer development. This epigenetic repression is mediated by DNA hypermethylation in the PEMT gene promoter around -132 site and accompanied by increase of repressive chromatin mark H3K9me as well as loss of active chromatin signature H3K9ac [133] . Another study from the same group revealed BRCA1 as a positive regulator of sirtuin 1 (SIRT1), which is a nicotinamide adenine dinucleotide (NAD)-dependent histone deacetylase, an epigenetic enzyme which is upregulated in many types of tumors [134] [135] . BRCA1 deficiency or mutations lead to increased NAD levels which in turn inhibit SIRT1 expression but induce SIRT1 activity. This observation proposed that the shifting of a balance between BRCA1-and SIRT1-dependent biological processes may contribute to the cellular transformation and tumor development [134] . Recent studies also demonstrated the role of BRCA1 in regulation of the polycomb-repressive complex 2 (PRC2), which is one of key chromatin modifiers involved in the maintenance of transcriptional silencing [136] . It was demonstrated that BRCA1 can directly bind to one of the components of PRC2, EZH2 (enhancer of zeste homolog 2). BRCA1 binds EZH2 in the region important for its interaction with oncogenic long non-coding RNA (lncRNA) HOTAIR, which is required for the PRC2 occupancy on chromatin followed by the H3K27 tri-methylation and heterochromatin formation [121] . Loss of BRCA1 expression results in EZH2 re-targeting and epigenetic silencing of tumor suppressor genes in human breast cancer cells. Taken together, these results suggested that BRCA1 can contribute to the development of aggressive breast cancer phenotype through inhibition of PRC2 complex.
Regulation of BRCA 1 and BRCA2 turnover
The regulation of BRCA1 protein level is tightly controlled during the cell cycle in a post-translational manner [106] , [138] . In addition, BRCA2 is becoming ubiquitinated and degraded during tumorigenesis which contributes to genomic instability and development of non-familial cancers [13] , [139] . A number of proteins have been identified as regulators of BRCA1/BRCA2 stability including cysteine protease Cathepsin S (CTSS) which interacts with the BRCT domain of BRCA1 and activates its proteolytic degradation [140] , E2 ubiquitin-conjugating enzyme E2T (UBE2T) [139] , E3 ubiquitin ligases Herc2 and F-box-protein 44 (FBXO44) which ubiquitinate and downregulate BRCA1 protein [141] , [142] . Interaction with BARD1 protein results in the reduction of proteasome-sensitive ubiquitination and stabilization of BRCA1 expression [143] . On the other hand, AKT-dependent phosphorylation of BRCA1 in response to estrogen and IGF-1 receptor signaling prevents proteasomal degradation and increases BRCA1 protein level [144] . A recent study by Kim et al. showed that Fyn-related kinase (Frk)/Rak also directly phosphorylates BRCA1 and by this positively regulates BRCA1 protein stability [129] . In addition to the regulation at the protein level, BRCA1/2 has been shown to be exposed to a complex post-transcriptional regulatory program. For example, the 3'UTR of BRCA2 mRNA physically interacts with miR-19a and miR-19b resulting in concomitant decrease of mRNA and protein levels of BRCA2 [146] . Expression of BCR-ABL1 oncoprotein in chronic myeloid leukemia cells is associated with BRCA1 downregulation. A study showed that this downregulation of BRCA1 is governed by TIRA (TIA1 cytotoxic granule-associated RNA-binding protein-like 1) protein which suppresses BRCA1 mRNA translation by the binding to AU-Rich Element (ARE) sites in 3'UTR of BRCA1 mRNA [147] . The same study also described HuR (Hu antigen R) mRNA-binding protein which can complex with TIRA and BRCA1 mRNA but increases mRNA stability and translation [147] . BRCA1 was shown to be epigenetically silenced when UHRF1 (ubiquitinlike, containing PHD and RING finger domains 1) is overexpressed. This study showed that UHRF1 is involved in regulation of BRCA1 transcription by multiple ways including accumulation of the repressive histone marks on the BRCA1 promoter and inhibition of the binding of key transcription factors such as MyoD (Myogenic Differentiation 1), CREBbinding protein (CBP) and p300 [148] .
Tissue specific tumor development upon BRCA1 and BRCA2 mutations
A number of studies have demonstrated that tumor suppressor role of BRCA1 and BRCA2 genes is tissue-specific and BRCA1/2 mutations mainly contribute to breast and ovarian cancer development, however the exact mechanisms of this selectivity remains obscure [149] . Research over the last decade shed light on the sex hormone-driven growth of BRCA-mutated breast cancer cells and on the mechanism of mutual regulation of BRCA1/2 and hormone levels. It is known that starting from puberty period breast epithelium begins to proliferate rapidly in response to estrogen, therefore tissue-specificity of the BRCA1-related carcinogenesis can be attributed to its estrogen dependence [150] . Indeed, estrogen receptor alpha (ERα) activates the BRCA1 promoter and increases expression of BRCA1 protein [151] .
Studies by Gorrini and coauthors demonstrated that estrogen protects BRCA1-deficient cells from reactive oxygen species-induced death by activation of the PI3K/AKT signaling pathway, upregulation of NRF2 (nuclear factor erythroid 2-related factor 2)-dependent transcriptional program and, consequently, increased expression of the anti-oxidant genes [152] , [153] , [138] . According to these findings, an upregulated local concentration of estrogen would selectively supports survival and expansion of breast cancer cells with BRCA1 mutations [149] . On the other hand, BRCA1 affects the hormone functions in multiple ways including repression of estrogen-dependent gene transcription [155] , [156] , activating ERα expression [157] and regulating the level and activity of progesterone receptor (PR) [158] , [159] . Expression of PR, especially PRA isoform is markedly increased in the mammary glands of Brca1 knock-out mice that might provide additional explanation for the tissue specific tumor development upon BRCA mutations [159] , [160] . By employing the cre-mediated excision of exon 11 of Brca1 gene, Xu and co-authors have shown that Brca1 is critical for regulation of mammary gland development in mice, and conditional mutation of Brca1 results in abnormal ductal development and tumor formation [161] . The clinical findings also demonstrated that carriers of BRCA1 and BRCA2 mutations have abnormal levels of estrogen and PR that might increase the risk for breast cancer development [162] , [163] .
Paradoxically, more than 90% of breast tumors with BRCA1 mutations have a lack of ERα expression; however the mechanism of this negative feedback loop has long time remained elusive [164] . To address this question, Hosey and colleagues analyzed the relationship between BRCA1 mutations and ERα expression in preclinical models and tumor tissues and discovered that BRCA1 directly regulates promoter activity of ESR1 gene encoding ERα [157] . This study provided an insight into the interaction between BRCA1 and ERα levels, although this relationship might be much more complex than previously anticipated. Whereas ER expression is downregulated in tumor cells, mutations of BRCA1 and BRCA2 genes were not correlated with changed levels of ER. Of note, this study showed that BRCA mutations in normal tissues were associated with profound attenuation of estrogen-dependent gene expression including progesterone receptor isoform B (PRB) and marked predominance of PRA suggesting a role of PRA in the initiation of breast tumor growth [165] . Bramley et al. showed that normal breast epithelial cells carrying BRCA1/2 mutations have markedly increased proliferation in response to the upregulated estrogen levels, and treatment with anti-estrogen therapies such as tamoxifen (TAM) and fulvestrant (FUL) can prevent this proliferative activity [166] .
In contrast to BRCA1 hereditary tumors which usually lack ER expression, BRCA2 hereditary tumors are usually ER positive. The study of Malone et al. shed light on the link between BRCA2 and ER showing that BRCA2 protein is expressed in normal breast tissues and in ER positive breast cancers but not in ER negative breast cancer tissues [167] . Moreover, a high estrogen level induces the cyclindependent kinase 2 (Cdk2) mediated phosphorylation and stabilization of BRCA2 protein that results in an increased DNA repair and improved breast cancer cell survival after irradiation [167] .
The role of BRCA proteins in the regulation of cancer stem cells
A high intratumoral morphological and histological heterogeneity was first documented over a century ago by German pathologist Rudolf Virchow [168] . These findings were followed by a zooming into cellular and molecular levels that revealed a substantial diversity in the mutation burden, gene expression, tumorigenic properties and therapy resistance among the cells of each individual tumor [169] - [176] . In 1994, John Dick and coworkers experimentally demonstrated that only CD34 + CD38 − acute myeloid leukemia (AML) cells isolated from patients by fluorescence activated cell sorting (FACS) were able to self-renew, differentiate into other cell populations and to initiate new tumors in mice [177] , [178] . These experiments provided functional evidence that tumors are hierarchically organized and consist of cells with different self-renewal, tumorigenicity and differentiation potential. According to this view, a population of cancer stem cells (CSCs) resides on top of the intratumoral hierarchy and is the only cell subset which maintains tumor growth. During the last decades identification and characterization of CSC populations was also conducted for other tumor entities including breast cancer [179] , glioblastoma [180] , colon cancer [181] , prostate cancer [182] and other types of cancer, and a number of markers which can be used for the detection, isolation and monitoring of CSCs such as CD133, CD44, aldehyde dehydrogenase (ALDH) etc. have been identified [9] , [183] . On the other hand, the identification and characterization of CSC specific markers and targeted therapies remain challenging since a growing body of evidence suggests that stemness is a more transient feature than initially believed, and therefore the current experimental approaches for CSC analysis need further development [184] , [185] . Nevertheless, there is no doubt that CSCs are drivers of tumor growth and a unit of tumor evolution due to their ability to self-renew and pass favorable heritable mutations to indefinite number of the next cell generations [9] , [10] . Furthermore, given the clinical importance of CSCs, a number of studies are focused on the identification of the druggable signaling pathways which can be used for targeting CSCs such as JAK (Janus kinases)-STAT (Signal Transducer and Activator of Transcription proteins) signaling, Hedgehog, Wnt, Notch, PI3K (Phosphatidylinositol-4,5-bisphosphate 3-kinase)/AKT (Protein kinase B) pathways etc. [186] .
As important regulators of genome stability and gene expression, BRCA1/2 plays an important role in CSCs development and evolution and can be employed in different CSC signaling mechanisms. JAK-STAT signaling plays a role in the maintenance of CSCs in solid tumors and hematological cancers [187] . The BRCA1 protein binds and activates JAK1 and JAK2, and induction of BRCA1 expression results in the constitutive activation of STAT3 [188] and upregulation of JAK1, STAT1 and STAT2 gene expression [189] , [190] . The key role of Hedgehog (Hh) signaling during embryonic development is also recapitulated in cancer progression as it is involved in the maintenance of CSCs in many types of tumors [191] , [192] . Luca et al. have shown that BRCA1 depletion increased growth of prostate xenograft tumors in mice, induced expression of the epithelial-mesenchymal transition markers such as vimentin, fibronectin and Snail and led to reduced expression of the Hh effector Gli1. However, no modulation of other Hh pathway genes was observed [193] . A recent study by Buckley et al. also determined the role of BRCA1 in Notch signaling -another key developmental pathway implicated in breast CSC regulation [194] . These finding demonstrated that BRCA1 activates transcription of Notch receptors and ligands, and knockdown of BRCA1 results in decreased Notch activity, enhanced tumor sphere formation and upregulated ALDH activity [194] . This study along with previous findings revealed that BRCA1 governs mammary epithelial cell fate by transcriptional regulation of a panel of basal (e.g. cytokeratins KRT5, KRT17, p-cadherin) and luminal (e.g. ERα, KRT18) markers, and that Notch signaling is also implicated in this regulation [191] , [195] . These findings demonstrated that inhibition of the BRCA1/p63/Notch signaling results in the enrichment of CSC populations [191] . Previous studies demonstrated an important role of PI3K/AKT pathway in the maintenance of breast CSCs [196] . The loss of BRCA1 constitutively activates PI3K/AKT signaling through up-regulation of AKT phosphorylation at the critical amino acid residue T308 which is important for AKT activation [197] . In accordance with this data, knockdown of BRCA1 sensitizes breast cancer cells to PI3K/AKT pathway inhibitors [197] (Figure 3) . [188, 189, 190] . BRCA1 modulates genes involved in the Hedgehog pathway such as SHH, IHH, DHH, Gli1 and PATCH1 [193] . BRCA1 transcriptionally upregulates the Notch ligand JAG1 (Jagged1) with further activation of the Notch pathway [194, 195] . The loss of BRCA1 constitutively activates PI3K (Phosphatidylinositol-4,5-bisphosphate 3-kinase)/AKT (Protein kinase B) pathway through down-regulation of phospho-AKT [197] .
Growing evidence supports a critical role of CSCs in tumor resistance to different types of conventional therapy including chemotherapy and radiation therapy as reviewed previously [198] - [200] . One of the key mechanisms of CSC resistance to radiotherapy and DNA-reactive chemotherapy is activation of the DNA repair pathways, such as HR and NHEJ. It has been shown that some of the DNA damage checkpoint and repair genes including Brca1 are highly upregulated in CSC populations in a mouse model of mammary tumor that closely mimics human breast cancer [201] . In line with these data, genes which contribute to DNA repair, such as BRCA1, Exo1, Mre11, Rad51 were upregulated in CD133 + human lung CSCs [202] . It has been also demonstrated that DNA repair genes including BRCA1 were highly expressed in the invasive pancreatic cells as well as in metastatic pancreatic tissue specimens [203] . Taken together these findings could potentially suggest that subpopulations of tumor-initiating cells possessing a high potency of DNA repair have better chances to withstand the harsh conditions during tumor dissemination.
Taken together, these data demonstrate that BRCA1 may play an important role in tumor initiation, maintenance of CSC population and its therapy resistance. In the next chapter we review the role of BRCA proteins for the CSC regulation in different tumor entities.
The role of BRCA proteins for the CSC maintenance in the different tumor entities

Breast cancer
Breast cancer is the second most common cancer overall and the most common malignant tumor among women, with an incidence rate of more than 1.5 million new cases per year [204] . Mutations in BRCA1 gene are associated with a high cancer incidence, and mean cumulative risks for development of breast cancer by the age of 70 years was estimated to be more than 50% for BRCA1 mutation carriers [205] .
Breast tumor initiating cells were first found and isolated by Al-Hajj et al. in 2003 by using CD44 and CD24 surface marker expression. A population of CD44 + CD24 −/low cells isolated from human breast cancer specimens possesses a high tumor forming capacity in NOD/SCID mice [179] . The role of BRCA1 in mammary stem cell maintenance and development was intensively investigated during the last ten years. The increased ALDH (aldehyde dehydrogenase) activity was shown to be a marker of breast CSCs [207] . Using ALDEFLUOR assay, Ginestier et al. showed that the ALDH + population, but not the ALDH -cell subset isolated from the normal mammary epithelium was able to generate mammospheres in non-adherent conditions upon serial passages as well as to form the ductal structure and to differentiate in vivo. At the same time ALDH + population isolated from breast tumor specimens displayed a high tumorigenic potential in mice models [207] . BRCA1 plays a role in self-renewal of progenitor cells which was demonstrated by serial passaging of BRCA1-deficient normal mammary epithelial cells where the number of mammospheres increased with number of passage [208] . The knockdown of BRCA1 expression by siRNA lentiviruses in normal mammary cells resulted in increase of ALDH + population and blockage of the ER -/ALDH + stem cell/progenitor differentiation in vitro and in vivo [208] . The study of Liu et al. employed in vitro and in vivo examination of the breast tissue samples with and without BRCA1 germ-line mutations. This study showed that BRCA1 is required for the differentiation of ER -/ALDH1 + mammary stem cell/progenitor cells into ER + /ALDH1 -luminal cells. According to this finding, 5 out of 13 breast tissue samples with BRCA1 mutation exhibited accumulation of ALDH1 + acini compared to the control specimens without BRCA1 mutations, and these ALDH1 + lobules have low expression of luminal marker CK18 and ER [208] . Heerma van Voss et al. compared the expression of the stem cell maker ALDH1 in 32 normal breast tissues from the BRCA1 mutation carriers with prophylactic mastectomies to 32 mammoplasty control samples. In contrast to the results of Liu et al. there were no differences between carriers and non-carriers regarding the ALDH1 positive epithelial cell population which may be due to the fact that Liu and co-authors analyzed a small and non-age matched cohort. Interestingly, this study found a significantly higher expression of ALDH1 in normal stroma of the BRCA1 mutation carriers [209] . One year later Heerma van Voss et al. published a paper comparing expression of ALDH1 in epithelium and stroma of tissues obtained from BRCA1 related breast cancers versus sporadic breast cancers. Compared to sporadic controls, expression of ALDH1 in tumors was higher in BRCA1-mutated breast cancers suggesting that BRCA1 related breast tumors have increased CSC population. The authors assumed that ALDH1 could serve as biomarker of BRCA1 mutations and potential therapeutic target in BRCA1-mutant breast cancer [210] . Kubista et al. investigated the role of BRCA1 protein for the differentiation of normal murine mammary epithelial cell line HC11, C2C12 mouse myoblasts and N1E-115 mouse neuroblastoma cells. During in vitro differentiation, BRCA1 protein becomes upregulated with simultaneous decrease of cell proliferation in all three cell lines. Of note, this study demonstrated that ectopic expression of BRCA1 induced differentiation of mammary epithelial cells in vitro, and knockdown of BRCA1 expression attenuated this process. At the same time, high level of BRCA1 has no effect on muscle differentiation that might suggest tissue-specificity of this BRCA1 function. [211] . Liu et al. analyzed the effect of PARP inhibitor (PARPi ) Olaparib on BRCA1-mutant and BRCA1-wild-type triple-negative breast cancer cell lines. After PARPi treatment, the number of viable cells becomes lower in BRCA1-mutant cell lines compared to the wild-type BRCA1 cell lines, whereas CSCs in these cell lines were resistant to PARPi treatment. One of the binding proteins of BRCA1, RAD51, was found to mediate this resistance suggesting that targeting of RAD51 may increase tumor sensitivity to PARPi [179] . Taken together, these data suggest that BRCA1 is a negative regulator of breast CSCs. Further investigations in this field are warranted to understand the molecular mechanism of this regulation that may be beneficial for the development of novel biomarkers for tumor diagnostics and therapy.
Ovarian cancer
Ovarian cancer is the leading cause of deaths among all gynecological malignancies and accounts for more than 200,000 new cases and 150,000 deaths in women worldwide annually [204] . From 10% to 12% of women with ovarian cancer carry mutations in the BRCA1 or BRCA2 gene [213] . Ovarian CSCs are often isolated from the ascites of ovarian cancer patients [214] , [215] , [216] . Unfortunately, the data describing the impact of BRCA1 on ovarian cancer stemness is quite limited. A seminal study of Meng et al. showed that ALDH1A1 knockdown resulted in increase of BRCA1 expression, and that high ALDH expression correlates to stem cell-like properties, activation of DNA repair and resistance to platinum drugs [217] . Other study by Lim et al. demonstrated that inhibition of vascular endothelial growth factor receptor 3 (VEGFR3) downregulated BRCA1 and BRCA2 gene expression, attenuated CD133 + stem-like cell population, induced sensitivity to cisplatin and resulted in growth arrest. This study suggested that inhibition of VEGFR3 could be a promising approach to treat chemotherapy resistant ovarian cancers, half of which has a reversion of BRCA function [218] . Despite the data on BRCA1-dependent regulation of ovarian CSCs is still limited, these two studies paved the road for further investigation of this clinically important topic.
Prostate cancer
Prostate cancer (PCa) is the second most common cancer and the fifth leading cause of death from cancer in men, accounting for 1.1 million cases worldwide in 2012 [204] . BRCA1 and BRCA2 genes were shown to be associated with an increased risk of prostate cancer development [24] , [219] . Prostate cancer cells are highly heterogeneous at the phenotypical, functional and tumorigenic levels that reflect their genetic and epigenetic heterogeneity [183] , [220] .
Prostate cancer is characterized by a high level of mutations in DNA repair genes including BRCA genes that results in genomic instability, clonal selection and tumor progression [221] . BRCA2 protein was shown to be involved in the progression of prostate tumorigenesis in Brca2 deleted mice [222] . BRCA2 deficiency contributes to the prostate cancer cell migration and invasion by PI3K/AKT pathway activation, mitogen-activated protein kinase/ extracellular regulated kinase (MAPK/ERK) activation and matrix metalloproteinase (MMP)-9 secretion [223] . Using genomic and methylation profiles of localized PCa from BRCA2 mutation carriers, Taylor et al. showed that germline BRCA2-mutant PCa is genotypically similar to metastatic castration-resistant prostate cancer (mCRPC) and frequently harbor mutations in key signaling pathways such as WNT/APC, mTOR, ATR, MYCN leading to genomic instability, tumor progression and metastasis [37] . Taken together, these data can explain the aggressiveness of PCa tumors with mutated BRCA genes and adverse prognosis for affected patients.
Hematopoiesis and Fanconi anemia
Fanconi anemia (FA) is cancer susceptibility syndrome associated with predisposition to different diseases, such as myelodysplasia, leukemia, bone marrow failure and certain solid tumors such as oropharyngeal, gastrointestinal and gynecological cancers [224] , [225] . FA patients' cells are sensitive to the DNA cross-linking induced by chemical drugs such as mitomycin C or by ionizing irradiation. In response to DNA damage, FANCD2 protein, which is mutated in Fanconi's anemia, becomes monoubiquitynated and co-localizes with BRCA1 [225] and BRCA2 [226] at the sites of DNA lesions suggesting that this interaction is important for DNA-damage response network.
Hematopoiesis is a process of blood cell formation by hematopoietic stem cells (HSCs) [227] . Recent findings revealed a role of BRCA1 gene in this process. In the study published by Vasanthakumar et al. the authors generated a conditional mouse model with Mx1-Cre-mediated deletion of Brca1 gene to check its role in hematopoiesis. As a result, Brca1 -/-mice exhibited macrocytic anemia and low count of white blood cells already at 1 month of age. The karyotyping of Brca1 -/-bone marrow showed presence of various cytogenetic abnormalities that indicates genomic instability. Some Brca1 -/-mice developed different hematologic malignancies, such as lymphomas, acute myeloid leukemia, and erythroleukemia by age of 4,5 to 6 months. Brca1 -/-bone marrow cells showed a lower capacity to form hematopoietic colonies in vitro. Taken together, these data have demonstrated that Brca1 deficiency leads to bone marrow disorders and susceptibility to hematologic malignancies similar to the human FA [228] . Mgbemena et al. developed a mouse model with homozygous Brca1 null mutation in the hematopoietic system. Experiments showed that lack of Brca1 can attenuate HSCs and population of hematopoietic progenitor cells. This study also demonstrated that HSCs with Brca1 deficiency have limited reconstructive capacity upon serial transplantation compared to wild-type HSCs. The influence of human germline BRCA1 mutation on hematopoiesis was investigated in mice with Brca1 5382insC mutation. Of note, Brca1 5382insC genotype was associated with more severe hematopoietic defects than null allele suggesting that the mutated BRCA1 protein is more harmful to hematopoietic stem and progenitor cells than BRCA1 deficiency [229] . Taken together, the results of the above described studies show that function of BRCA genes is essential for the maintenance of HSCs and for normal hematopoiesis.
Perspectives for the treatment of patients with BRCA mutations
Recent studies propose that 55-65% of BRCA1 mutation carriers, and about 45% of BRCA2 mutation carriers will develop breast cancer by the age of 70 years [204] [230] . Prophylactic surgery in BRCA carriers i.e. salpingo-oophorectomy and mastectomy are proven to be beneficial for reduction the risk of breast and ovarian cancer development [231] , [232] . The carriers of BRCA1 mutations are more likely to develop triple negative breast cancer (TNBC). TNBC refers to breast cancers which are negative for the expression of hormone epidermal growth factor receptor 2 (HER-2), estrogen receptors (ER), and progesterone receptors (PR). Since growth of these types of tumors does not depend on the signaling from these receptors, conventional treatments like hormone therapy and drugs that target estrogen, progesterone, and HER-2 are not effective in TNBC patients [233] . At the same time TNBC tumors are highly heterogeneous that is associated with their high resistance to chemotherapy [234] . The deficiency of BRCA1 and BRCA2 proteins in tumor cells is associated with a higher sensitivity to DNAdamaging agents [16] , [235] , [236] . As a result, BRCA1/2-deficient TNBC cancers are more sensitive to standard chemotherapy and have a higher level of immune cell activation compared to TNBC with functional BRCA1/2 proteins [237] .
One of the most common therapies used for treatment of breast and prostate cancer are taxanes such as paclitaxel and docetaxel. Taxanes are microtubule targeting agents which block cell growth and induce apoptosis. Recent studies revealed that carriers of BRCA1 mutation with hormone-negative cancers (n=20) have less sensitivity to taxane therapy than non-BRCA1 mutation carriers (n=19). In contrast to this, hormone positive breast cancers have similar clinical outcome after taxane treatment in BRCA1-mutation carriers (n = 11) and sporadic breast cancer (n = 61) [238] . The retrospective analysis of the breast cancer patients (n = 317) with and without BRCA mutations treated with neo-adjuvant anthracyclinetaxane regimens demonstrated that BRCA1 status is independently associated with a higher pathologic complete response (pCR) [239] . A high pCR rate after neo-adjuvant anthracycline-taxane therapy was also demonstrated in BRCA1/2-mutated triple-negative breast cancer (n = 53) [240] . Mutations in BRCA2 have a negative impact on the response rate to docetaxel in metastatic castration resistant prostate cancer (mCRPC) (n = 53) although no correlation was found between BRCA1/2 protein expression and response to treatment [241] . Another large multi-institutional retrospective comparison of mCRPC patients (n = 390) with and without germline mutations in DNA repair genes (including BRCA2, ATM, CHEK2, BRCA1, PALB2, RAD51D and others) showed no difference between mutation carriers and non-carriers in their therapy response, progression-free survival after docetaxel or anti-androgen treatment and overall survival [242] .
Platinum-based compounds are another mainstay of anti-cancer treatment. Platinum drugs such as cisplatin induce DNA platination and inter-strand DNA crosslinking leading to the accumulation of DNA DSBs and cell death. A retrospective study carried out on a cohort of young women with BRCA1-mutated breast cancer (n = 102) showed a higher pCR after treatment with neo-adjuvant cisplatin therapy compared to pCR for other types neo-adjuvant chemotherapy [243] . A pilot study showed that patients with metastatic breast cancer and BRCA1 mutations (n = 20) are highly sensitive to cisplatin chemotherapy [244] . The resent multicenter phase II clinical trial for treatment of metastatic TNBC (n = 86) confirmed efficiency of platinum monotherapy for these patients, especially for BRCA1/2 mutation carriers (n = 11) [245] . Ovarian cancer patients with germline BRCA1/2 mutations (n = 112) are more response to first-line chemotherapy including platinum-based treatment and have better progression-free survival (PFS) and overall survival (OS) compared to the patients with sporadic ovarian carcinoma (n = 222) [246] . Another study also demonstrated that germline and somatic mutations in homologous recombination genes including BRCA1 and BRCA2 were found to be highly predictive for improved overall survival and responsiveness to platinum-based treatment in patients with ovarian, fallopian tube and peritoneal cancer (n = 390) [247] . Of note, some patients with breast and ovarian BRCA-mutated cancers which were previously sensitive to platinum therapy can become resistant to treatment due to reversion of BRCA mutations that restore BRCA1/2 protein function [233] , [234] , [235] .
A growing body of evidence demonstrated a great potential of PARP inhibitors for treatment of breast and ovarian cancer with BRCA mutations. PARP is important enzyme in DNA damage repair machinery, and activation of PARP is one of the early DNA damage responses. PARP detects and rapidly binds to DNA strand breaks and catalyzes poly-ADPribosylation of target proteins using NAD + as substrate. After formation of long, branched polymers, PARP dissociates from DNA ends and facilitates further DNA repair processes [251] . PARP inhibitors block the repair of DNA damage resulting in persistence of DNA lesions, cell cycle arrest and subsequent apoptosis. BRCA-mutated cells are unable to repair DSBs properly and PARP inhibition leads to the accumulation of DNA breaks and cell death [252] . Nonfunctional BRCA1 or BRCA2 sensitizes cells to PARP inhibition, leading to chromosomal instability and cell cycle arrest [253] . Clinical trial showed that treatment with PARP inhibitors improve clinical outcome in patients with advanced, BRCA-mutated breast and ovarian cancers [254] - [256] , [257] , [16] . A few PARP inhibitors have been approved by FDA (Food and Drug Administration) for BRCA-mutated cancer such as Olaparib, (breast and ovarian cancer), Rucaparib (ovarian cancer), Niraparib (ovarian cancer, regardless of BRCA mutation status), and a number of PARP inhibitors are under preclinical and clinical development [16] , [256] - [258] .
The important role of BRCA1/2 in DNA DSB repair makes it an attractive biomarker for radiation therapy, which is one of the mainstay modalities together with surgery and chemotherapy for treatment of many types of tumors [259] . The curative potential of ionizing radiation (IR) depends on induction of DSBs which results in accumulation of DNA damage and tumor cell death [260] , [261] . Preclinical studies using different in vitro and in vivo tumor models demonstrated that BRCA1 deficiency can lead to radiosensitivity [262] , [263] . On the other hand, clinical studies are rather contradictive, and many of them demonstrated that BRCA deficient cancers are the same sensitive to irradiation as sporadic cancers [262] , [263] . An improved design, complete follow-up data and better standardizing of the future studies might help to elucidate the role of BRCA mutations in tumor radioresponse.
Taken together, experimental data and clinical trials show that BRCA mutation status can provide important clinical information for patients' response to the different types of conventional therapies and for selection of more personalized cancer treatment.
Conclusions
Experimental and clinical data discussed in this review suggest that BRCA genes play a pivotal role in a number of biological processes including maintenance of the genomic integrity, regulation of the oxidative stress and protein stability, modulation of gene transcription, cell cycle progression and therapy resistance. Given its multifaceted functions as tumor suppressor, BRCA1/2 mutations contribute to the development of different types of malignancies including breast, ovarian and prostate cancers. On the other hand, due to reduced DNA repair capacity, BRCA-mutated cancers are also more responsive to the distinct types of treatment such as platinum-based compounds and PARP inhibitors, which induce accumulation of DNA DSBs. However, acquired resistance to this treatment due to reversion of BRCA mutations that restore BRCA1/2 protein function is an urgent clinical challenge and requires careful analysis of restored allele frequencies during the course of treatment. Of note, the development of BRCA reversion mutations during anticancer treatment demonstrates that BRCA deficiency is critical at the initial stage of tumorigenesis and is less important for the maintenance of the established tumors. Indeed, accumulating in vivo evidence suggests that BRCA proteins might contribute to the normal developmental processes as well as to the regulation of CSCs and tumor initiation in different tumor entities. Development of the combination approaches with targeted therapy for other cancer-related pathways, therapeutic targeting of CSC or immunotherapy may overcome the acquired resistance associated with BRCA reversion mutation and improve treatment efficiency. 
